Introduction
Natural gas (or simply gas), made up of around 82.0-89.6 mol% methane, 0.9-9.8 mol% nitrogen, 3.4-9.4 mol% ethane, 0.6-4.7 mol% propane, 0.1-1.7 mol% n-butane, and other gases (GPSA, 1998; Ivings et al., 2003; Schley et al., 2004) , is a gaseous fossil fuel that has methane as its primary compound and is moved primarily by pipeline. It is desirable to understand the physical properties in rarefied natural gas transport and the corresponding behavior in pipelines. Gas rarefaction was observed in many areas, such as gas bearings (Johnston & McCloskey, 1940; Carr, 1954; Burgdorfer, 1959; Hsia & Domoto, 1983) , space vehicles (Ivanov & Gimelshein, 1998; Tsuboi & Matsumoto, 2005) , microfluidic devices (Pfahler et al., 1991; Pong et al., 1994) , etc. The effect of gas rarefaction is quantified by the Knudsen number Kn , which is defined as the ratio of the molecular mean free path to the characteristic length. Schaaf & Chambre (1961) have proposed the following ranges to determine the degree of gas rarefaction in a flow, as shown in Table 1 . For 01 . 0 Kn  , the flow is in the continuum regime, where the continuum hypothesis holds. The continuum field equations in conjunction with no-slip and no-jump boundary conditions describe the flow and thermal behavior. The rarefaction effect becomes noticeable when the value of Kn becomes greater than 0.01. The range 0.01-0.1 is referred to as the slip regime, where the conventional continuum field equations are still valid, but the conventional no-slip and no-jump boundary conditions may break down. It has been proven that the Maxwell-Smoluchowski (MS) slip and jump boundary conditions are valid (Arkilic et al., 1997; Beskok & Karniadakis, 1999; Ewart et al., 2007; Weng & Chen, 2008a) . The range of 10 Kn 1 . 0   represents the transition regime, where the molecular mean free path is comparable to the characteristic length, and the conventional continuum field equations may break down. For Kn 10  , the flow is in the free-molecular regime, where the collisions among the molecules are negligible. Although conventional transport systems operate in the continuum regime, pipelines can operate in the slip regime due to the reduction of working pressure or the enhancement of working temperature (the molecular mean free path is related to the pressure and the temperature). In this chapter, first we will provide the property formulas of gases in power-law form and present the physical properties of methane at the standard reference state, so as to simply predict the physical properties of natural gases. Then we will discuss in some detail the use of the mass, momentum, and energy conservation equations as well as the slip and jump 22 www.intechopen.com
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boundary conditions as it is applied to fluid motion that is rarefied. Finally, we will develop the mathematical models of rarefied natural gas transport in basic driving mechanisms. We will obtain the analytical solutions of flow fields and characteristics, so as to realize the importance of gas rarefaction in natural gas transport. After completing this chapter, you should be able to:  use the property formulas of gases and the physical properties of methane at the standard reference state.
 use the mass, momentum, and energy conservation equations subject to the slip and jump boundary conditions.  solve basic rarefied natural gas transport problems. Table 1 . Flow regimes of rarefied gas dynamics (see Schaaf & Chambre, 1961) .
Physical Properties
Any characteristic of a substance that can be observed or measured without changing the identity of the substance is called physical property. Some important physical properties in rarefied gas transport are shear viscosity  , thermal conductivity k , constant-pressure specific heat p c , density  , and molecular mean free path  . In this part, we provide the formulas for these properties of gases in power-law form and present the physical properties of methane at the standard reference state. Then you can use the formulas and the properties to present further properties of other hydrocarbons, such as ethane, propane, butane, etc., to calculate further physical properties of natural gases in most common operating states, and to conduct further analyses of theoretical and experimental researches. Various tests have been conducted to determine  , k , p c , and  of methane at different working pressures or temperatures (Mann & Dickins 1931; Johnston & McCloskey 1940; Clarke & Smith, 1969; Jansoone et al., 1970; Vennix et al., 1970; Younglove, 1974; Gammon & Douslin, 1976; Kerley, 1980; Kurumov et al., 1988; Friend et al., 1989; Jin et al., 1992; Pátek & Klomfar, 2002; Hurly et al., 2003; Schley et al., 2004; Viswanathan, 2007) . Except for density, temperature was found to be a relatively important factor in the gaseous state. It becomes necessary to have formulas for temperature-dependent physical properties of methane. The property formulas adopted in this chapter was originally proposed by Weng & Chen (2008b) . According to the nature of gases, the power-law expressions for the shear viscosity, the thermal conductivity, the specific heat, and the density can be written, respectively, as ,
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where the subscript r denotes the property values at a reference state, T is the temperature,  and  are the viscosity and conductivity indexes, respectively, and s is the specificheat coefficient. Here, ideal gas behavior is assumed, which is quite reasonable in most common operating states. If the shear viscosity, thermal conductivity, and specific heat are known at two temperatures, one can determine the values of  ,  and s . In Table 2 , we use K 300 and K 400
for the constant determination of methane. In Fig. 1 , we then verify the present formulas (1)-(4). The calculated results compare very well with the data listed in Friend et al. (1989) and Schley et al. (2004) (see Johnston & McCloskey, 1940; Clarke & Smith, 1969; Haberman & John, 1980; Sonntag et al., 1998; GPSA, 1998; Ivings et al., 2003) .
In addition, the average distance between molecular collisions, called the molecular mean free path, plays an important role in rarefied gas transport behavior, related to the temperature and pressure by
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where R is the specific gas constant. According to the power-law behavior considered here, the closed form is 
Fundamental Principles
In this part, we introduce the fundamental principles of rarefied natural gas transport. Then you can use the mass, momentum, and energy conservation equations subject to the slip and jump boundary conditions to solve further problems involving mass or volume flow rate, to solve further problems involving force related to momentum change, and to solve further problems involving losses due to friction and energy input by compressors or extraction by turbine.
Mass balance principle
Conservation of mass is the key to tracking flowing fluid. The conservation statement of mass for a control volume is
where
is the time rate of change in a laboratory frame of reference, M is the instantaneous mass, m  is the mass flow rate, the subscript cv denotes the control volume, and the subscripts in and out indicate the values for flow into and out of the control volume, respectively. The conservation statement requires that
where dt d / is the material derivative and u is the velocity vector. Equation (8) is the mass conservation equation for compressible methane flow. In fact, the flow of a compressible fluid could be recognized as an incompressible flow while the flow speed is much less than the sound speed, i.e. Mach number<<1. For incompressible methane flow, the conservation equation is reduced to
Momentum balance principle
Newton's second law of motion is the conservation statement of momentum. It leads to the conclusion that forces can result from or cause changes in a flowing fluid's velocity magnitude and/or direction. The conservation statement of momentum for a control volume is
where u is the fluid velocity, Mu is the instantaneous momentum, u m  is the momentum change rate associated with mass flow, F is the force acting on the control volume, the subscript n denotes the direction chosen for analysis, and the subscripts and indicate the values in the n or -n direction on the control volume, respectively. The conservation statement requires that
where T is the stress tensor and f is the body force vector per unit mass. The stress tensor for compressible fluids can be related to the flow fields by the following constitutive relation:
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where p is the pressure,  is the bulk viscosity, related to the viscosity  by 3 / 2    , I is the Kronecker delta tensor, and D is the deformation rate tensor,
For incompressible methane flow with constant viscosity, the conservation equation is reduced to
Energy balance principle
The first law of thermodynamics is the statement of conservation of energy. It leads to the conclusion that energies can result from or cause changes in a flowing fluid's velocity magnitude and/or temperature. The conservation statement of energy for a control volume is
where e is the specific internal energy, Me is the instantaneous energy, e m  is the energy change rate associated with mass flow, Q  is the energy change rate associated with heat conduction, and W  is the energy change rate associated with force, and O  is the internal heat generation rate. The conservation statement requires that
where q is the heat flux vector, o is the internal heat generation rate per unit mass, and the superscript S indicates the symmetric tensor. The heat flux vector can be related to the temperature field by the following constitutive relation (Fourier's law of conduction): 
where  is the thermal expansion coefficient and  is a function charactering the viscous dissipation, defined in index notation as www.intechopen.com Rareied natural gas transport
For incompressible methane flow with constant thermal conductivity, the conservation equation is reduced to
Entropy balance principle
Any discussion of the fundamental principles must include the second law of thermodynamics because it is the basis for formulating and solving engineering problems. The second law of thermodynamics asserts that heat transfer processes are irreversible. To treat the second law quantitatively for processes, we use the conservation statement of entropy for a control volume:
were s is the specific entropy, Ms is the instantaneous entropy, s m  is the entropy rate associated with mass flow, T Q /  is the entropy rate associated with heat conduction, and gen S  is the entropy generation rate. The irreversibility of the process is measured by the value of gen S  . The conservation statement requires that
where gen s is the entropy generation rate per unit mass. Substituting Eq. (17) into Eq. (23) gives
Maxwell's and Smoluchowski's principles of boundary conditions
The effect of gas rarefaction is quantified by the Knudsen number Kn , which is defined as the ratio of the molecular mean free path  to the characteristic length c l . When the value of Kn is greater than 0.01, the conventional no-slip and no-jump boundary conditions may break down. The slip boundary conditions are based on Maxwell's expression (Maxwell, 1879) :
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The jump boundary conditions are based on Smoluchowski's expression (Kennard, 1938 
Basic Transport Problems
the three basic driving mechanisms and obtain the analytical solutions of flow fields and characteristics. Then you can apply the analytical solutions of basic transport problems to determine further flow (or/and thermal) characteristics, predict and analyze further transport behavior of rarefied natural gas in pipelines, and understand why gas rarefaction in natural gas transport is so important; moreover, using the analytical procedure, you can conduct further analyses of theoretical researches. Consider a sufficiently long open-ended parallel-plate channel of length l and width w . The flow section in the fully developed region is situated far from the entrance, and the flow is then fully developed. Assume that the flow originates from a reservoir in a reference state, enters the channel with a uniform velocity, and terminates in a discharge area. Let x and y denote the usual rectangular coordinates, let x u and y u denote the components of the velocity field, let the subscripts 0 and 1 denote the reservoir and discharge-area values, respectively, and let the subscript i denotes the inlet values.
Pressure-driven flow
If the driving mechanism is pressure, as shown in Fig. 2(a) , then the reservoir pressure 0 p is greater than the discharge-area pressure 1 p and the discharge-area temperature 1 T is equal to the reservoir temperature 0 T . Modeling the flow as a two-dimensional isothermal steady compressible flow, the field equations are given by (Eqs., 
Here, we have neglected the body force for simplicity. By using a perturbation analysis (Weng & Chen, 2008a) , the momentum conservation equations (31) & (32) for the flow through a sufficiently long channel can be reduced to the form:
Proceeding with the analysis, we introduce the following dimensionless parameters: 
where We is the pressure drop from the entrance to the exit,  is a material constant, and the subscript c denotes the characteristic values. Here, the characteristic length c l , velocity 
Substituting Eq. (35) into Eqs. (30), (33), (34) gives
Rareied natural gas transport 541
Solving momentum conservation equation (38) subject to the slip boundary conditions (39) gives
Substituting Eq. (40) into mass conservation equation (37) and integrating once in Y , we can derive an equation for the cross-flow velocity:
Evaluating this at 1  Y , where V must vanish, we can derive an equation for the pressure:
The corresponding mass flow rate is
where L is the dimensionless channel length, P is the dimensionless average pressure,
, and Kn is the average Knudsen number calculated at P .
Buoyancy-driven flow
If the driving mechanism is buoyancy, as shown in Fig. 2(b) , then the wall temperature w T is greater than the ambient temperature (that is, p is equal to the reservoir pressure 0 p . Modeling the flow as a two-dimensional steady incompressible flow, the field equations under the Boussinesq approximation (Boussinesq, 1903) are given by (Eqs., 9, 14, 20) www.intechopen.com 
Here, we have neglected the internal heat generation for simplicity. It should be noted that assuming a small temperature difference between the wall and the ambient gas supports the constant-property assumption (Weng & Chen 2008b) and that considering the low-speed flow of a low-Prandtl-number fluid supports the neglect of viscous dissipation in the energy equation (Chen & Weng 2005; Weng & Chen 2008b) . We can think of the fully developed region as the flow section situated far from the entrance such that y u is negligible. Based on this characterization, the mass conservation equation (46) (68) can be integrated twice to obtain the streamwise velocity:
Substituting Eq. (71) into the energy equation (69) 
Integrating the pressure gradient 0 / C dX dP  with respect to X once, we obtain the pressure:
By applying the boundary conditions given in Eq. (70), the inlet condition
, and the edge conditions 
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Summary
In this chapter, the property formulas of natural gases are provided in power-law form. To simply predict the physical properties of natural gases, the physical properties of methane at the standard reference state are presented. The basic flows are analyzed by using important principles including conservation of mass, Newton's second law of motion, and the first and second laws of thermodynamics.
The following checklist provides a study guide for this chapter. When your study of the entire chapter has been completed, you should be able to  apply the analytical solutions of basic transport problems to determine further flow (or/and thermal) characteristics, predict and analyze further transport behavior of rarefied natural gas in pipelines, and understand why gas rarefaction in natural gas transport is so important.
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